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1.
screen a human fetal brain cDNA library fused to the Gal4AD SBCPs, using a Gal4DBD-SAR fusion as bait. We have made diligent progress towards accomplishing this aim. Specifically, we cloned the 40-AA SAR domain into the Gal4DBD "bait" vector and documented that it is expressed by Western blot analysis and that it does not contain any TAD activity in yeast. We completed a screen using a human fetal brain cDNA library fused to the Gal4 TAD domain, screening ~2.6 x 10 6 clones on His-minus plates. This yielded ~300 colonies of which ~30 grew rapidly and to a large size. 2. perform subsequent screens to rule out false-positives, and then sequence and identify true-positives. We re-screened these 300 colonies on His-minus, X-Gal and quadruple nutrition marker drop-out plates, and identified 12 clones that pass the criteria to be "true-positives", because they grew rapidly and robustly on each of these three screens. DNA sequence analysis and BLAT searches identified three plausible candidates: Rho Guanine Dissociation Inhibitor (Rho GDI), Na/K ATPase -1, and a proposed Breast Cancer Associated protein (BCA3).
3.
affinity-purify SBCPs from MCF-12A cells transduced with retroviruses encoding either TAP-tagged NES-SAR and NES-mSAR. We also proposed to use a mammalian tandem-affinity purification (TAP) tag fused to NES-SAR and a transformation-defective mutant, NES-mSAR, to purify SBCPs from MCF-12A cells. The TAP tag consists of two protein A IgG-binding domains and the Flag epitope, separated by a tobacco etch virus protease site. Retroviruses encoding TAP-NES-SAR or TAP-NES-mSAR have now been constructed, and transient transfection of plasmid DNAs into MCF-12A cells unfortunately failed to show any detectable protein expression. After several attempts. We concluded that the cloning vector must be corrupted. Thus, we have amino terminally-tagged these constructs with a single-and triple-Flag epitope. We are now optimizing transfection and characterizing expression levels of GFP-and Flag-rtagged versions of all of our SAR constructs. Once characterized, we will transfect breast cancer cells in large scale and affinity-purification will be accomplished by binding cytoplasmic extracts to IgG immobilized on magnetic beads. The beads will be eluted with excess Flag or GFP peptide, and eluted SAR-binding proteins submitted to directly LC/electrosprayionization mass identification.
Task 2:
To validate that the identified SBCP is a bona fide downstream effector of Ese-1mediated cellular transformation. a) perform co-immunoprecipitation studies to rigorously validate authentic in vivo interactions between endogenous (and recombinant) Ese-1 and identified SBCP(s). Given that the yeast two-hybrid approach has provided the only SBCPs identified to date, we focused on these three poteins: Rho GDI, Na/K ATPase -1, and BCA3. We have attempted multiple co-IP experiments using antibodies targeting epitope-tagged recombinant forms of these three putative SBCPs and recombinant and endogenous Ese-1. These studies indicate that RhoGDI may be the only relevant SBCP. Further studies are A. Gutierrez-Hartmann, PI W81XWH-06-1-05026 6 underway to rigorously prove this interaction, and to determine whether it is functionally relevant to the Ese-1 transformation mechanism.
b) loss-of-function: RNAi knock-down of identified SBCPs to substantiate their biological relevance in mediating Ese-1-and SAR-induced transformation. RNA interference studies are being designed to target RhoGDI, to directly interrogate whether knock-down of this putative SBCP will decrease the transformation potency of Ese-1 in MCF-12A and MCF-10A nontransformed human mammary epithelial cells. c) gain-of-function: Enhancement of Ese-1 and SAR-mediated transformation potency by SBCP over-expression in MCF-12A cells. Over-expression of HA-Ese-1 ± recombinant RhoGDI in MCF-12A and MCF-10A nontransformed human mammary epithelial cells will be pursued in order to determine whether over-expression of this putative SBCP will increase the transformation potency of Ese-1.
Task 3:
To determine the molecular mechanism of Ese-1/SBCP-mediated mammary cell transformation. These studies have not yet been initiated, since they depend on the previous aims.
KEY RESEARCH ACCOMPLISHEMENTS
Identification of RhoGDI as a putative SBCP and Ese-1-interacting protein.
Generation of Flag-tagged SAR and Ese-1 expression vectors. 
REPORTABLE OUTCOMES

7
CONCLUSIONS
We have just completed the fist year of this work, and we have identified RhoGDI as a putative SAR binding cytoplasmic protein using the yeast two hybrid approach, and preliminary co-IP studies suggest that this may be a relevant target. We plan to continue our studies, essentially as planned. We have initiated the co-IP affinity-purification approach, coupled with protein identification via mass spectrometry. We believe that we are on track for a timely completion of all of the proposed studies. 
ETS transcription factors in endocrine systems
Arthur 
Introduction: structure and function of ETS proteins
The E26 transformation-specific (ETS) family is restricted to metazoans and thus represents an evolutionarily recent class of transcription factors [1] [2] [3] . It is one of the largest transcription factor families, consisting of 27 ETS genes in humans, 26 in mice, 10 in Caenorhabditis elegans and 9 in Drosophila that can be structurally categorized into 11 subfamilies (ETS, ERG, ELG, ELF, ESE, ERF, TEL, PEA3, SPI, TCF and PDEF) [4, 5] (Figure 1 ). The ETS family is defined by the ETS domain, which is a highly conserved DNA-binding domain (DBD) comprising ~85 amino acids (AAs) that is folded into a winged helix-turnhelix DNA-binding motif that binds to a 5!-GGA(A/T)-3!"DNA core motif [2] . All ETS proteins, with the exception of GA-binding protein (GABP)#, bind to DNA as a monomer and are auto-inhibited by virtue of two inhibitory regions that flank the DBD. Disinhibition, resulting in enhancement of ETS DBD activity and of target gene specificity, is achieved by three mechanisms: (i) flanking DNA sequences; (ii) partner-protein interactions; and (iii) kinase-mediated phosphorylation. ETS protein activation of target genes typically involves specific protein-protein interactions and such ETSprotein partner combinations frequently bind to bipartite DNA-binding sites [1] [2] [3] . Thus, although target gene selectivity of ETS factors is influenced by specific protein partners, the precise mechanism for achieving DNAbinding specificity, given the high level of redundancy, remains unclear [4, 5] . Many ETS subfamilies (ETS, ERG, ELG, ESE, TEL and PDEF) contain the Pointed domain, which serves as a protein-protein interaction motif, several (TEL, ERF and TCF) contain a repressor domain and the majority (ETS, ERG, ELG, PEA3, ESE, SPI and TCF) contain a transcription activation domain (TAD) [1] [2] [3] . The activity of certain ETS factors is further regulated by subcellular localization. For example, YAN and TEL (members of the TEL subfamily) NET (also called SAP2, a member of the TCF subfamily) and ERF also contain a nuclear export sequence regulated by mitogen-activated protein kinases (MAPKs) or small ubiquitin-like modifiers (SUMOs), which controls their transcriptional repression activity [2] . By contrast, a cytoplasmic localization is required for ESE1 to transform MCF-12A and MCF-10A human mammary epithelial cell lines [6] .
ETS factors are trans-acting phosphoproteins that have important roles in epithelial, hematopoietic, neuronal, endothelial and endocrine systems with key roles in cell migration, proliferation, differentiation and oncogenic transformation [1] [2] [3] 7] . The founding member is encoded by the v-ets oncogene in the E26 retrovirus, which causes hematopoietic malignancies in chickens [1] [2] [3] . In humans, ETS factors are also associated with several malignancies. For example, chromosomal translocations involving ETS genes are found in 95% of human Ewing sarcoma cases and in several human hematopoietic malignancies [1] . In addition, amplification or upregulation of one or more ETS genes, including ETS1, ETS2, ER81, ERM, PEA3, PDEF and ESE1, is associated with a variety of epithelial cancers (e.g. lung, breast, colon and prostate) [1, 2, 7] . In mammalian cells, ETS proteins are key nuclear targets of growth factor and Ras oncogene signaling pathways, typically acting through the activating protein-1-ETS bipartite Ras response element (RRE) to regulate a repertoire of genes that control cell survival (antiapoptosis), proliferation and motility [1] [2] [3] . Here, we focus on ETS factors in endocrine systems ( Figure 2 ), with particular emphasis on their role in the regulation of pituitary-specific gene expression and tumorigenesis.
ETS factors regulating pituitary function
ETS factors have crucial roles in pituitary gonadotrope and lactotrope biology. Gonadotropes and lactotropes are two of the five hormone-secreting cell types that populate the anterior pituitary gland. Gonadotropes synthesize and secrete the glycoprotein hormones luteinizing hormone (LH) and follicle stimulating hormone (FSH), which regulate gonadal function. Lactotropes produce the protein hormone prolactin (PRL), which stimulates breast development and lactation. Hypothalamic gonadotropinreleasing hormone (GnRH) regulates the production and secretion of LH and FSH in pituitary gonatotropes. Stimulation by GnRH leads to MAP kinase activation and ETS factor-mediated induction of the #-subunit gene through a GnRH response element [8] . The #-subunit is a common heterodimeric component of the gonadotropespecific LH and FSH glycoprotein hormones. Activation of ETS factors in response to GnRH stimulation also induces the expression of the immediate-early gene Egr-1 through serum response elements [9] . Egr-1, in turn, is a primary activator of the LH$-subunit gene in response to GnRH stimulation [8] . Thus, ETS factors are crucial mediators of the signaling pathways that regulate the responses of pituitary gonadotropes to hypothalamic GnRH stimulation ( Figure 3a ).
Pituitary lactotropes exhibit even greater dependence on ETS transcription factors for cellular growth, differentiation and PRL gene expression. Lactotrope cell growth and PRL synthesis and secretion are under tonic inhibitory regulation through hypothalamic-secreted dopamine acting on D2 receptors. The ERF repressor factor is expressed in pituitary lactotrope cell lines and it might be a key contributor to the negative effects of dopamine on PRL gene transcription and lactotrope cell growth [10] . Specifically, dopamine-mediated inhibition of extracellular-signal-regulated kinase (ERK) 1 and ERK2 activity increases ERF repressor action on the rat (r) PRL promoter, whereas growth factor-stimulated ERK activity reverses the repressor function of ERF through ERF phosphorylation [10] .
ETS factors also regulate lactotrope differentiation. Pit-1 is a POU homeodomain, pituitary-specific transcription factor that governs the ontogeny of somatotrope, lactotrope and thyrotrope cell types and regulates growth hormone (GH), PRL and thyroid-stimulating hormone $ gene transcription [11, 12] . In GHFT pituitary precursor cells, which express low levels of Pit-1 but fail to express endogenous PRL or GH, PRL gene expression and the lactotrope phenotype is induced only by fibroblast growth factor-2 (FGF-2), and in an ETS-dependent fashion [13] . Specifically, this FGF-2 differentiating response was inhibited by a dominant-negative ETS construct and was augmented by the expression of ETS1. In the GH4 rat somatolactotrope cell line, FGF-2-and FGF-4-mediated induction of rPRL promoter activity is ETS dependent [14] , and GH4 cells stably expressing FGF-4 produce tumors that are faster growing and more invasive when injected into Wistar rats [15] . Interestingly, the cooperation of ETS factors with Ikaros, a zinc-finger transcription factor, also regulates expression of the FGF-R4 isoform of the FGF receptors in GH4 somatolactotrope cells [16] . In addition, stable expression of a dominantnegative ETS construct (which encodes only the ETS-2 DBD) in GH4 cells was found to decrease PRL expression but had no effect on GH expression [17] . Furthermore, targeted expression of this same dominant-negative ETS construct to pituitary lactotropes in transgenic mice resulted in diminished lactotrope cell numbers (J. Tentler and A.G.H., unpublished). Taken together, these data reveal that ETS factors might represent a crucial determinant in both dopamine-mediated inhibitory lactotrope regulation and in growth factor-induced ontogeny of pituitary lactotropes.
One of the most characterized systems that best exemplifies the roles of various ETS factors in endocrine gene regulation is the lactotrope-specific PRL gene ( Figure 3b ). The proximal rPRL promoter contains four regions that bind to nuclear proteins derived from GH4 or GH3 rat pituitary somatolactotrope cells, with three of these regions [footprint (FP) I, III and IV] binding to Pit-1 [11, 12 ]. An additional site was identified in promoter mutagenesis studies as the basal transcriptional element (BTE) [11, 12] . The BTE site contains an ETS-binding site that is crucial for both basal activity of the PRL promoter and for responses to growth factors, including FGF-2, FGF-4, insulin, insulin-like growth factor, epidermal growth factor (EGF) and thyrotropin-releasing hormone [11, 12, 18] . Although electrophoretic mobility shift analyses have shown that the BTE site can bind to a variety of ETS factors, including ELK1, SAP1 (also known as ELK4), ETS1 and GABP# (together with its non-DNAbinding partner GABP$1), BTE DNA-affinity purification of nuclear proteins from GH3 pituitary tumor cells identified the heterodimeric ETS factor GABP#-$1 as the key functional ETS factor binding to the BTE site [18] . Subsequent downregulation of the GABP# and GABP$1 subunits using small interfering RNA strategies in GH3 cells reduced the expression of endogenous PRL and established the role of GABP as a crucial regulator at the BTE in the PRL promoter [18] .
A second crucial ETS regulatory site in the proximal rPRL promoter is a composite RRE, which is constituted by an ETS-binding site adjacent to a Pit-1 binding site, FP IV [3, 19] . The rPRL RRE binds to ETS1 and Pit-1 and primarily mediates Ras activation of the rPRL promoter, but it also contributes to basal activity. Oncogenic V12Ras activates the Raf-MAPK kinase-MAPK signaling cascade, with MAPK directly phosphorylating chicken ETS1 [3] . Site-specific mutation of the ETS1 Thr82 MAPK phosphorylation site to Ala results in the loss of ETS1 enhancement of the Ras response [3] . Mutation of either the ETS1 or Pit-1 site diminishes the Ras response of the rPRL promoter in transient transfections of GH4 cells [19] . Similarly, expression of a dominant-negative ETS construct or Pit-1$ (an alternatively spliced isoform that functions as a dominant-negative effector in pituitary cells) represses Ras activation of the rPRL promoter [3] . Contributing to this ETS-Pit-1 combinatorial code is the physical interaction of the TAD of ETS1 with the Pit-1 homeodomain (AAs 199-291), as demonstrated using NMR approaches [20] (Figure 4 ). In addition, Pit-1 phosphorylation at Thr220, within the homeodomain, regulates the binding of Pit-1 to both ETS1 and the monomeric Pit-1 binding site within the RRE [20] . However, Pit-1 is also a unique cell-specific target for Ras signaling, and mutation analyses of Pit-1 have localized Ras responsiveness to AAs 60-80, at the C-terminus of the TAD [21] . This Pit-1 TAD region contributes to the Ras response through the p160 steroid receptor coactivator-1 [21] . Thus, the binding of Pit-1 and ETS1 to the composite RRE in the proximal rPRL promoter seems to generate a unique binding platform for Ras-stimulated coactivator complexes.
ETS proteins in mammary gland development and breast cancer
During embryogenesis, ETS1, PEA3, ERM, ER81 and ESE1 are expressed in the mammary gland, and the PEA3 subfamily members PEA3, ERM and ER81 have been shown to be expressed throughout mammary gland development [7, [22] [23] [24] . In situ hybridization approaches have revealed that ERM and PEA3 are expressed in epithelial cells of the developing terminal end buds, suggesting that they have a role in branching morphogenesis [24] . PEA3 knockout mice show an increased number of proliferating cells and increased terminal end buds, implying that PEA3 functions as a repressor of mammary epithelial cell growth [24] .
In postnatal mammary glands, ETS factors have been shown to have key roles in pregnancy-induced, PRLmediated mammary gland lobuloalveolar development and milk production and in breast tumorigenesis. In the early phase of pregnancy, a proliferative phase of mammary alveolar morphogenesis mediated by PRL and signal transducer and activation of transcription (STAT)5 is initiated, and the PRL-STAT5 pathway is responsible for the development of lobuloalveoli and the induction of lactation. Studies using elf5 and prlr gene knockout mice and rescue by targeted re-expression of elf5 in prlr nullizygous mammary epithelium revealed that the ETS factor Elf5 (also known as Ese-2) is the crucial downstream effector of the PRL-STAT5 signaling pathway [25, 26] . Thus, Elf5 (Ese-2) is necessary and sufficient for lactation-competent mammary gland development during pregnancy.
Several different lines of evidence suggest that ETS factors have a particularly relevant role in breast cancer. Although many ETS factors have been shown to be overexpressed in breast cancer, most of these studies have focused on mRNA rather than protein expression, and few have examined compartment-specific expression [7, [22] [23] [24] . A recent comprehensive quantitative PCR and subtractive tissue analyses of 25 different ETS factors in normal and malignant murine mammary gland tissues and cell lines revealed that multiple ETS factors are expressed in lymph, stromal and epithelial mammary compartments [4] . For example, ELK4, ELF1 and ETS2 are the most abundant ETS factors expressed in the normal mammary gland, whereas PDEF, PEA3, ESE1, ESE2, ESE3, TEL (also known as ETV6),and NERF (also known as ELF2) mRNAs displayed significantly elevated expression in the epithelial cell compartment of mammary tumors [4] . Important data revealing a direct role of ETS proteins in mammary tumorigenesis have been reported, showing that a dominant-negative ETS2 DBD can block the anchorage-independent growth and cellular invasiveness of the NmuMG, MMT and BT20 breast cancer cell lines [27, 28] . However, some of the most convincing reports stem from transgenic mice studies, showing that compound ets2 knockout MMTV-polyoma middle T (PyMT) mice, in which one ets2 allele has been knocked out, are more resistant to PyMT-induced breast tumorigenesis than are their wild-type counterparts [29] . Similarly, the generation of female mice expressing a homozygous targeted ets2 gene, ets2(A72/A72), which precludes ERK phosphorylation of Thr72, blocked mammary tumors caused by transgenic-targeted oncogenes and seemed to do this exclusively through a stromal location [30, 31] . Additionally, using immunohistochemical and western blotting approaches, several studies have revealed that specific ETS proteins, including members of the ETS, PEA3 and ESE subfamilies, are upregulated in breast cancer tumors and cell lines [7, [22] [23] [24] . Although increased PEA3 and PDEF (also called PSE) mRNAs have been associated with breast cancer [7, [22] [23] [24] , their precise role in mammary tumorigenesis has been controversial. Studies testing their ability to transform mammary epithelial cells reveal that PEA3 and PDEF actually inhibit breast cancer cell growth [32] [33] [34] [35] . Thus, although most reports implicate ETS factors in breast cancer, only the ETS factor ESE1 has been shown to confer an epithelial-to-mesenchymal transition phenotype and actually to transform human mammary epithelial cells [6, [36] [37] [38] .
ESE1 (also known as ESX or ELF3) is an epithelialspecific ETS protein that is particularly relevant to breast cancer because the ESE1 gene maps to human chromosome 1q32.1, in a region that is overrepresented in 50% of early breast cancers [7] . ESE1 mRNA and protein is overexpressed in human breast ductal carcinoma in situ, an early cancer stage that also overexpresses HER2 (also known as neu) [7] . Furthermore, a positive feedback loop between the HER2 proto-oncogene and ESE1 seems to exist [7] . ESE1 contains several unique features among ETS factors. For example, its mRNA expression is restricted to the mammary ductal epithelia and terminal ductal-lobular units, which are the most terminally differentiated, epithelial-derived cells [7] . Unique to ESE1 among ETS proteins are a 40-AA serineand aspartic rich (SAR) motif and an HMG-like AT-hook domain, in addition to the Pointed, TAD and ETS DBD domains found in most ETS factors [7] (Figure 5a ). Recent work revealed that ESE1 is required for the transformed phenotype of HER2 + T47D breast cancer cells [36] , that it transforms the immortalized but nontransformed MCF-12A and MCF-10A human mammary epithelial cells and that it does so through an autonomously functioning, unique 40-AA SAR domain acting through a novel cytoplasmic mechanism [6, 37] (Figure 5b) . A subsequent study screening ~250 cDNAs implicated in breast cancer independently identified ESE1 as being able to confer a motile phenotype upon MCF-10A cells, resulting in disorganized organoids in 3D culture [38] , as previously reported [37] . The discovery that ESE1 functions in the cytoplasm to transform mammary epithelial cells established novel paradigms for ETS factor function and mechanisms by which transcription factors induce cell transformation.
ETS factors in the prostate
The expression of several ETS factors in the normal and/or cancerous prostate has been reported, including ETS1, ETS2, ELF1, ESE2 (also called ELF5), ER81, ERG, PDEF and PEA3, with ETS fusions having become one of the most common genetic markers of prostate cancer [1, 39] .
The ETS factor PDEF/PSE was originally isolated as a transcriptional regulator of the prostate-specific antigen gene [7] . Subsequently, PDEF/PSE mRNA was found to be increased in breast and prostate cancer, yet PDEF/PSE protein expression was found to be decreased as the prostate malignancy grade progressed [7] . These data have been interpreted to indicate that PDEF might actually function as a tumor suppressor and that a translation control mechanism seems to regulate PDEF protein expression in both prostate and breast cancers [7, 32, 35] .
The first clinically relevant candidates for dominant oncogenes in prostate cancer are ETS fusion genes resulting from chromosomal translocation of the 5! untranslated region of a prostate-specific, androgenresponsive, transmembrane serine protease gene (TMPRSS2) to ERG, ER81 (also known as ETV1) and PEA3 (also known as ETV4) ETS transcription factor genes [39] . Deletion of genomic DNA between TMPRSS2 (21q21. 3) and ERG (21q21.2) results in the TMPRSS2:ERG fusion protein in ~50% of prostate cancers and chromosomal rearrangements between TMPRSS2 (21q21.3) and ER81 (7p21.2) or PEA3 (17q21) occur in another ~30%, indicating that TMPRSS2-ETS gene fusions might be the most common genetic abnormality defined to date in human malignancies [39] . These fusions result in androgen-mediated, robust induction of these various ETS factors, which are then thought to activate a repertoire of ETS-responsive genes, leading to prostate cell transformation [39] .
ETS factors in reproductive tissues
The ETS family of transcription factors has crucial roles in the regulation of reproduction and embryogenesis. In the male, ERM is required in testicular Sertoli cells for spermatogonial stem cell self-renewal and transcriptional regulation of the stem cell niche [40] . Testicular germ cell tumors show allelic imbalance in the chromosomal region encoding TEL [41] , and increased expression of ETS1 was associated with metastasis and angiogenesis [42] . PEA3 expression was increased in testicular seminomas, correlating with enhanced matrix metalloprotease (MMP) 2 levels [43] .
In the female, uterine expression of ETS1 and the PEA3 subfamily have been implicated in endometrial angiogenesis and implantation [44, 45] . ETS1 is also a crucial regulator of the uterine decidual PRL promoter and is dramatically upregulated during decidualization of the endometrial stroma [46] . In early postimplantation development, ETS2 expression is restricted to placental trophoblasts and is essential for placental function. Deletion of the DNA-binding domain of ETS2 in transgenic mice resulted in embryonic death before day 8.5, owing to defects in extra-embryonic tissue, including deficient MMP9 activity and failure of ectoplacental cone proliferation [47] . Subsequent analysis indicated that ETS2 is necessary for the expression of extra-embryonic ectoderm (EXE) markers and anteroposterior patterning mediated by EXE-derived signals [48] . Deletion of a second trophoblast-specific ETS-related gene, elf-5, also results in conceptuses lacking EXE [49] .
Several ETS factors have been investigated as prognostic markers in gynecological tumors. In cervical cancer, overexpression of ETS1, ERM (also called ETV5), ERG or ETS2 was associated with higher grade, metastasis and poor prognosis and correlated with elevated levels of MMP-1 and increased angiogenesis [50, 51] . A polymorphism of the MMP-1 promoter, which generates an additional ETS-binding site, was also linked to advanced clinical stage and reduced survival in cervical and endometrial cancer [52, 53] . Loss of the ETS repressor protein NET (also called SAP2) resulted in enhanced c-Fos expression in cervical cancer cells, a key event in transformation [54] . By contrast, expression of PEA3 suppressed the invasiveness of cervical carcinoma cells [55] .
In endometrial tumors, increased expression of ETS1 and ELF1 is associated with advanced surgical stage, enhanced invasion and angiogenesis, and poor prognosis linked to elevated levels of MMPs [56, 57] . ERM was also upregulated in endometrial carcinoma in tumor stages associated with myometrial invasion [58] . Accordingly, treatment of progesterone receptor B-expressing Ishikawa endometrial cancer cells with progesterone resulted in inhibition of cell growth and invasion, concomitant with decreased levels of ETS1 and MMPs [59] , whereas estrogen-stimulated growth and invasion was associated with increased ETS1 and MMP expression [60] . Overall, evidence indicates that ETS factors, by virtue of their transcriptional regulation of MMPs and angiogenic genes, are crucial mediators of angiogenesis, invasion and metastasis in the development and progression of gynecological malignancies.
Increases in ETS1 and ELF1 are also linked to the malignant potential of ovarian cancer, being associated with higher grade and poor prognosis [61, 62] . Over expression of ETS1 in ovarian cancer cells also conferred resistance to chemotherapy [63] . Similarly to cervical cancer, expression of ETS1 and PEA3 correlated with elevated MMPs 1, 2 and 9 and increased angiogenesis, suggesting a central role for these ETS factors in the progression of ovarian carcinoma [64, 65] . However, consistent with its inhibition of cervical cancer cell invasion, PEA3 is also reported to downregulate Her2 gene expression and reverse the transformed phenotype of ovarian cancer cells in vitro [66] .
ETS factors in thyroid and pancreatic malignancies
Evidence suggests a role for ETS1 and ETS2 in the pathogenesis of thyroid cancer. Expression of ETS1 is increased in papillary and follicular thyroid carcinomas relative to benign nodules or normal tissue [67] . ETS1 and ETS2 expression and transcriptional activity were also increased in thyroid cancer cells. A dominant-negative ETS construct suppressed anchorage-independent growth and induced apoptosis in thyroid carcinoma but not in normal thyroid cell lines, implying a requirement for ETS1 and ETS2 to maintain the transformed phenotype [68] . In pancreatic adenocarcinoma, particularly in late-stage invasive tumors, elevated ETS2 protein was detected and PEA3 was shown to activate the mucin 4 promoter, an epithelial marker of pancreatic ductal carcinoma not present in normal tissue, suggesting that ETS factors might also be important in pancreatic cancer [69, 70] . Finally, ETS1 has been implicated in ectopic expression of the endocrine ligand parathyroid hormone-related peptide, which is associated with bone metastases and hypercalcemia in several cancers, including breast cancer [71] .
Conclusion
In summary, ETS factors have been shown to have crucial roles in development, differentiation and tumorigenesis in several endocrine systems. Studies in the pituitary, mammary and prostate glands have provided compelling insights into the functional role of specific ETS factors in these endocrine tissues. Emerging data in many other endocrine organs suggest a broader role for ETS transcription factors in endocrine pathophysiology. Future studies, targeting select endocrine tissues, by generating tissue-specific knockouts of individual ETS genes or expressing a dominant-negative ETS transgene, will provide an even greater understanding of the role of ETS factors in endocrine biology. GnRH also stimulates the expression of the human early growth response protein 1 gene (Egr-1) through ERK-dependent phosphorylation and activation of ETS factors (ETS) and the cyclic AMP response element binding protein (CREB). Upregulation of the transcription factor Egr-1 subsequently contributes to GnRH stimulation of the human LH$-subunit gene promoter, through a composite response element consisting of binding sites for steroidogenic factor-1 (SF-1), the paired-like homeodomain transcription factor (Pitx1) and Egr-1. (b) ETS factors integrate multiple signaling pathways regulating PRL gene expression. Stimulation of the proximal -425 rat PRL gene promoter (PRL), in response to the indicated hormones, growth factors or oncogenic Ras, is mediated through ERK phosphorylation of distinct ETS factors (denoted by the circled P), described in the text, which bind to a composite ETS-Pit-1 binding site (FPIV) and/or an ETS binding site in the BTE. The binding of different ETS proteins to common response elements, and interactions with other transcription factors, provides a mechanism to confer highly specific responses to inductive signals and to coordinate and integrate hormonal and growth factor regulation of PRL gene expression. Abbreviations: FGF, fibroblast growth factors; IGF-1, Insulin like growth factor 1; Lhx-3, Limhomeobox factor 3; SRF, serum response factor; TRH, thyroid-releasing hormone.
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C-ter N-ter W261 Figure 4 . Chemical shift perturbations of the Pit-1 homeodomain induced by the binding of ETS1. A surface density representation of the Pit-1 homeodomain bound to DNA based on the crystal structure of the Pit-1 homeodomain. NMR shift perturbations of residues in the Pit-1 homeodomain (amino acids 199-291), in response to the binding of the Region III TAD (amino acids 190-257) of ETS1 [20] , are indicated by color coding: red > purple > pink > green. Yellow residues are unaffected. The ETS interaction face on the Pit-1 homeodomain is indicated by a dashed white line. Amino acids highlighted in the ETS1 interaction face seem to affect the ETS1-Pit-1 interaction. W261 (blue) is in the hydrophobic DNA binding pocket, T220 (red) is a phosphorylation site and K226 (green) is a potential acetylation site. Adapted from Ref. [20] ; copyright 2002 National Academy of Sciences USA. Model of ESE1 function in mammary gland biology. ESE1 is shown in the nucleus as binding to a target gene and activating an apoptotic pathway in normal epithelium, with nuclear localization governed by suicide signals. By contrast, survival signals are postulated to induce cytoplasmic localization of ESE1, through a Chromosomal region maintenance 1 (CRM1)-dependent mechanism, which is required for ESE1 to transform human mammary epithelial cells. The SAR domain is proposed to interact with SAR-interacting protein (SIP), converting it to the active form, SIP*, which then activates an unknown signal transduction pathway (shown as ?), resulting in specific gene(s) transcription that establishes the transformed phenotype. Abbreviation: NES, nuclear export sequence; NLS, nuclear localization sequence; TAF, transcription activating factor; TBP, TATA binding protein.
